Abstract: This study proposes a band-stop filter using a defected ground structure. The notch frequency is produced by an array of two semicomplementary split ring resonators (SCSRRs), etched on the ground plane and two line resonators etched out of the microstrip line. Band reject behaviour is exhibited due to the presence of a negative effective dielectric permittivity near the resonance frequency. The filter produces high rejection with sharp cutoffs in the stop band, and shows a completely flat and lossless passband. In addition, because of the geometrical structure of the resonators and the filter, even harmonics responses of the filter are eliminated. The proposed filter is constructed on a substrate with a thickness of 0.8128 mm, 1 r of 3.55 and dimensions of 30 × 45 mm 2 . Measurements show an insertion loss below 30 dB from 2.3 to 2.7 GHz and a maximum insertion loss of 44 dB at around 2.53 GHz. The electrical size of the filter is small due to the sublambda operation of SCSRRs and is verified in the last section by comparing the proposed filter with other familiar metamaterials such as complementary split ring resonator. Moreover, the distributed equivalent circuit model based on geometrical filter parameters is introduced.
Introduction
In recent years, one of the burning issues in the RF, microwave and millimetre-wave systems community has been the design of filters with high rejection and sharp cutoffs in the stop band. Making a completely flat and lossless pass-band filter is an important challenge to conventional microwave systems and microwave circuit design methodologies. Nowadays, most band-stop filters in the RF, microwave and millimetrewave frequencies are found in waveguides, printed circuit boards, defected ground structure (DGS) and other media [1, 2] . Extensive, a thorough research to develop novel metamaterials and their utilisation in microwave devices is underway. Electromagnetic (EM) band-gap structures, negative-1, negative-m and left-handed media are the most popular metamaterials that are used in the microwave and millimetrewave community [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, the optimisation process for microwave structures using full-wave commercial software is a time-consuming task. Thus, to resolve this problem, lumped-element models including an LC-network resonator and a distributed model using transmission lines have been reported [13] [14] [15] [16] [17] [18] .
Here we introduce a new semicomplementary split ring resonator (SCSRR) and propose an improved model for these resonators. The model is verified by the good agreement between EM simulations, circuit simulations and measured results within a very wide frequency range. Furthermore, a band-stop filter using SCSRRs in the ground plane and two line resonators (LRs) in the microstrip line is fabricated and measured to demonstrate the predicted results. The measurement shows an insertion loss below 30 dB from 2.3 to 2.7 GHz and a maximum insertion loss of 44 dB at around 2.53 GHz. Section 6 provides a comparison of the results for this proposed filter with other familiar metamaterials such as complementary split ring resonator as reported in [19] .
Proposed filter design
The schematic view and the dimensions of the SCSRR filter are shown in Fig. 1 . Rogers RO4003 with a thickness of 0.8128 mm (32-mil) and a relative dielectric constant of 3.55 is used as the substrate in simulations and measurements. The other parameters are shown in Fig. 1c , and the LR parameters are as follows
In addition, the other SCSRR parameters are W os ¼ 0.2 mm and W sq ¼ 3.0 mm. The fabricated filter is shown in Fig. 2 . Fig. 2a shows the top view of the proposed filter and Fig. 2b shows the bottom view.
3 Band-stop filter design using SCSRRs Fig. 3 shows the physical configuration of a unit cell of the novel SCSRR structures. First, the scattering parameters are obtained by a full-wave simulator and the results are shown in Fig. 4 (note the reference planes for S-parameters are shown in Fig. 3 and the SCSRR (in Fig. 3 ) has same dimension such as the proposed filter in Fig. 1) . Next, the electric permittivity and the magnetic permeability of the transmission line are computed. The scattering parameters illustrate that a band-stop characteristic is present at a resonant frequency of 2.5 GHz where the rejection level reaches about 35 dB.
The effective medium theory on an inhomogeneous lefthanded media can be substituted by an equivalent homogeneous media with effective permeability m eff and permittivity 1 eff such that the macroscopic (i.e. the wavelength is big enough when compared with the dimensions of the basic scattering elements that create the left-handed medium) properties of the equivalent media are the same as the original non-homogeneous media. An efficiently homogeneous structure with average unit cell size (about 14.0 mm) is much smaller than the guided wavelength l g (in notch frequency). Thus, this average cell size should be at least smaller than a quarter wavelength, l , l g /4. Hence, this condition guarantees that when a wave propagates inside the metamaterial medium, the unit cell behaves as a lumped element circuit. The following equations take out the m eff and the 1 eff [20] [21] [22] [23] 
where the sign of + is determined by |G| ≤ 1 and 
2S 21 (3)
where Z TL and Z TL a are the characteristic impedances of the reference transmission line and the air-filled reference transmission line, respectively, and n is the effective refractive index of the medium. If the material is passive, the requirement of causality (Im(n) , 0) fixes the choice of sign in (3) [24] . Frequency dependencies of the simulated effective parameters of the SCSRR structure are shown in Fig. 5 .
and is shown to demonstrate the existence of a negative 1 eff property of the SCSRR. For an array of SCSRRs in one or two dimensions, the effective permittivity cannot be extracted using this method as increasing the number of unit cells will exceed the effective homogeneity limit [25] .
Extracting distributed equivalent circuit model
By means of this concept, an SCSRR can be etched as a ring in the ground plane, just underneath the microstrip line. This arrangement leads to the proper excitation of the SCSRR by the magnetic field. It is important to note that the [26] b Supplement for use in the filter equivalent circuit so-obtained SCSRR is not rigorously the dual of the conventional SRR. In addition, LRs are designed as a l g /4 (at the centre frequency) resonator inserted in the main microstrip transmission line, and this leads to a reduction in the size of the filter. These lines magnetically couple to the SCSRR at the rejection band. For modelling the proposed filter, the fact that the slot line is the complementary of microstrip line was useful. In addition, for the coupling of the microstrip line to the slot, the concept described in [27] and shown in Fig. 5a was used. Fig. 6a was supplemented in Fig. 6b for use in the equivalent circuit. The circumference of the SCSRR is about l g /2 and the turn ratio can be calculated by n = Z om /Z os [17, 18] . In addition, the formulas presented in [27] were used for calculating the characteristic impedance and the effective permittivity of the slot lines and at f o ¼ 2.5 GHz. These are equal to 83.2 V and 1.6 for W os and 148.5 V and 1.23 for W sq , respectively.
The proposed equivalent circuit model is shown in Fig. 6 . Some other required values for Fig. 7 are listed in Table 1 , and this model is simulated with the AWR Design Environment [18] . The results are shown in Fig. 8 
Design methodology
To design a band-reject filter of the proposed form at f 0 (the centre frequency), the larger circumference of the SCSRR is chosen around l g /2 at f 0 . Then, the coupling coefficient is decided by the width of W sq for the desired rejection level. This entails changing the effective permittivity and the characteristic impedance after changing the n 1 and the n 2 in the equivalent circuit. Next, the second SCSRR is added to the structure to achieve the desired bandwidth, and now the proposed structure has two resonances in the rejection band. For widening the rejection bandwidth, the l g /2 (at f 0 ) LRs are added in the main line. A double pole and therefore a deep rejection are added to the response. The upper and the lower passbands are not changed after adding the LRs and this means that it still behaves as a regular microstrip line for the top and the bottom circuits, and the perturbation made by LRs in the microstrip lines is negligible.
6 Experimental results Fig. 9 shows the S-parameter measurement and simulation results. The measurement is made with an HP 8722 vector network analyser, and shows that the magnitude of S 21 is below 230 dB from 2.3 to 2.7 GHz and has 244 dB rejection around 2.53 GHz. The proposed filter exhibits good band-stop behaviour as predicted by the EM simulator. The small discrepancies can be attributed to fabrication tolerances and to the dissipative losses that were not taken into account in the simulation.
Going by the geometrical properties of this filter, the proposed SCSRR band-stop filter does not have an even harmonic response. In addition, except for the rejection frequency band, a flat and perfect matched passband is presented with very low insertion losses.
Finally, the results for this proposed filter are compared with other familiar metamaterials such as CSRR, and the filter in [19] is chosen as a benchmark. In [19] , a band reject filter at 2.6 GHz is proposed by using four CSRR resonators on a Rogers RO3010 substrate with 1 r ¼ 10 and a thickness of 1.27 mm. The length of the filter excluding the access line for the connector is 28 mm. The filter in [19] has a wide deep rejection band. Obviously, the size reduction over the proposed structure is as good as that in [19] , with the overall filter length being about 45 mm, but a substrate with 1 r ¼ 3.55 and lower thickness (0.8218 mm) is used that decreases the overall effective permittivity. However, the present filter has a wide and low-loss passband after the rejection band. There is no second harmonic in the proposed structure. In contrast, in [19] the filter has ripples up to 25 dB and gives results only from 0 -5 GHz, but if one considers Fig. 3a in [19] from the falling slope of the S 21 near the 5-GHz frequency, it can be assumed the filter in [19] has a second harmonic.
Conclusion
This paper proposes a new SCSRR compact band-stop microstrip structure that has been successfully modelled and tested. The filter produces high rejection with sharp cutoffs in the stop band, and shows a completely flat and lossless passband. This behaviour can be interpreted as corresponding to a frequency band with negative value permittivity provided by the SCSRRs. It is potentially applicable to the wide variety of microwave circuits with monolithic microwave integrated circuit (MMIC), low temperature co-fired ceramic (LTCC) and micro-electromechanical systems (MEMS) technologies. 
